Abstract-In this letter, a compact and robust dual circularly polarized patch antenna for combined Globalstar/GPS application has been presented. The designed patch antenna is accomplished with size of mm over the frequency bandwidth of 1570-1650 MHz, which is ( is the free-space wavelength at the lowest frequency of the operating bandwidth). Instead of air substrate, high-permittivity substrate is adopted for the size reduction. The bandwidth reduction due to the inclusion of the high-permittivity substrate is compensated by introducing a parasitic patch. In addition, a hybrid is utilized for achieving dual circular polarization. The designed antenna is validated by the measurement, presenting a 5% fractional bandwidth (1570-1650 MHz) for both VSWR , axial ratio less than 3 dB, and port isolation less than 6 dB.
In addition to the aforementioned two requirements on the bandwidth and polarization, compactness and robustness are increasingly demanding owning to the mobility of various applications. Therefore, in this letter, we present a compact and robust dual-CP patch antenna for combined Globalstar/GPS applications. Instead of using an air substrate, the antenna is designed with a high-permittivity substrate for achieving robustness and size reduction. Additional slots are also adopted, so that the patch can reside in a total size as small as mm . Since the inclusion of the high-permittivity substrate inevitably reduces the bandwidth and efficiency [7] - [9] , a parasitic patch is employed for increasing the bandwidth to meet the requirement of the Globalstar and GPS application. A compact hybrid is utilized for generating a quadrature feed to the antenna. RHCP and LHCP are achieved at the two isolated ports of the hybrid. The fabricated antenna has been measured, showing a 5% fractional bandwidth (1570-1650 MHz) for both VSWR , axial ratio (AR) less than 3 dB, and port isolation less than 6 dB. The measured antenna efficiency is above 70% over the bandwidth of interest. The accomplished antenna can be used for both Globalstar and GPS applications.
II. ANTENNA STRUCTURE AND DESIGN
The antenna to be designed is intended to be compact (limited to mm area, and as thin as possible), robust, dual CP, stable over the bandwidth of 1565-1626 MHz, and as simple as possible. Therefore, a patch antenna with quadrature feeds has been adopted. Instead of using an air substrate, high-permittivity substrate (RO3006, ) is used for reducing the antenna size. The loss of the substrate material, , is considered in this design. In addition, the adoption of the solid substrate material without an air gap between the patch and the ground plane enhances the robustness of the antenna, and additionally simplifies the fabrication to printed circuit board (PCB) process. The antenna structure and dimensions are illustrated in Fig. 1 .
The final size of the antenna is confined to mm . It consists of four layers. The top layer is a square patch ( ) with two crossing rectangular slots ( ) and two circular holes ( ) that are located with an offset of from the center, where two feeding pads ( ) are placed. The second layer is a parasitic square patch ( ) for enhancing the bandwidth. It is isolated from the feed with a hole ( ). The third layer is the ground with the same size as the whole substrate ( ). The clearance to the feed on this layer is . A hybrid and a grounded ring are printed on the bottom layer. All the dimensions are listed in Table I. 1536-1225 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. As the main radiator, the patch and the slots are optimized to resonate at 1600 MHz. A capacitive feeding structure is utilized for increasing the matching bandwidth. The position of the feed is also optimized in the simulation for achieving the best input impedance matching.
For the sake of CP, a quadrature feed configuration is adopted. A hybrid is implemented in a circular shape and placed under the ground plane. It is composed of four quarter-wavelength transmission lines with characteristic impedance of 50 and 35.4 [10] . The circuit model of the hybrid, the designed microstrip structure, and its simulated performance are presented in Fig. 2 , which indicates perfect matching for the input port of the hybrid (i.e., P1 and P4) and phase difference between the two outputs that connected to the antenna (i.e.,
). It thus can be seen that when the feeding network is excited at P1 (port-1). P2 (antenna feed-1) and P3 (antenna feed-2) have the relative phase of and , respectively, which results in LHCP. By contrast, RHCP can be obtained by exciting the hybrid at P4 (port-2).
Since the high-permittivity substrate ( ) is involved and due to the fact that the size of the antenna is extremely confined in the limited space, in particular, due to the thin substrate thickness, which is only 6 mm, about , the radiating patch (top layer) itself does not provide satisfactory bandwidth [7] - [9] . Consequently, with the hybrid, such imperfect matching results in undesirable isolation of the two input ports (i.e., P1 and P4). Therefore, a parasitic patch is added for increasing the impedance-matching bandwidth of the top patch, so that the isolation can be improved. The parametric study on the patch size ( ) is presented in Fig. 3 . It can be seen that when mm, the isolation is almost the same as the case without the parasitic patch. The isolation improves when increases to 35.3 mm or even more, whereas the isolation bandwidth decreases. Therefore, owing to this tradeoff between the isolation and the bandwidth, mm is taken so that the isolation less than 6 dB over the bandwidth of 1550-1650 MHz is achieved. The ratio of to is also investigated (the total thickness is kept as 5.08 mm, i.e., mm), and shown in Fig. 3 , from which it is found that the isolation degrades when the parasitic patch is closed to either top patch or the ground plane. Thus, and are chosen to be equal. This is also good for substrate material selection.
III. FABRICATION AND MEASUREMENT
The fabricated antenna is shown in Fig. 4 , where the antenna block is mounted on a -mm square ground plane. The inset figure illustrates the back view of the fabricated antenna, which reveals that two SMAs are directly soldered to the input port of the hybrid for providing microstrip-to-coax transition. From the front view, the antenna is mounted to the ground plane through adhesive and conductive cooper tape. Instead of soldering the ground plane and the antenna together, adhesive cooper tape is utilized for fabrication because of simplicity, which, however, does introduce extra loss, but can still demonstrate the functionality of the proposed antenna.
The simulated and measured impedance matching at the two input ports and their isolation are presented in Fig. 5 . It can be seen that 10 dB impedance matching is achieved over the bandwidth of 1500-1700 MHz, and 6 dB isolation is accomplished from 1550 to 1650 MHz. The good coherence of the simulated and measured impedance matching performance validates the fabricated antenna.
The normalized gain patterns of the antenna for both -and -planes are measured and plotted in Fig. 6 for 1575 and 1621 MHz with excitation at port-1, and in Fig. 7 for port-2 excited. For pattern excited at port-1, LHCP is the principle polarization, whereas RHCP corresponds to the pattern excited by port-2. The almost identical patterns for -and -planes indicate the property of axial symmetry. The great agreement of the measurement and simulation validates the design. The ARs for both excitations are below 3 dB over the bandwidth of 1570-1650 MHz. The peak gain is above 5 dBi from 1565 to 1630 MHz. The peak gain also exhibits its maximum at 1600 MHz and decreases toward both higher and lower frequencies, which is due to the imperfect port isolation. The simulated and measured antenna efficiencies are presented in Fig. 9 , showing over 70% efficiency for the bandwidth of 1570-1630 MHz. The rolling off of the efficiency from 1.6 GHz is also because of the 6 dB port isolation. The measured results show the antenna can be used for both GPS and Globalstar applications.
IV. CONCLUSION
A compact and robust dual CP patch antenna for combined Globalstar/GPS applications has been presented. The adoption of the high-permittivity substrate instead of the air substrate greatly reduces the size of the antenna to mm , which is ( is the wavelength at 1570 MHz in free space), and provides extra robustness, making the antenna more sustainable and portable. To mitigate the bandwidth reduction due to the inclusion of the high-permittivity substrate, a parasitic patch is utilized for enhancing the bandwidth. Dual CP is achieved with the help of the hybrid. The designed antenna is validated by the measurement, showing a 5% fractional bandwidth (1570-1650 MHz) for both VSWR , AR less than 3 dB, and port isolation less than 6 dB.
